
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

ORKjlNALLY ISSUED 

1944 88 
ulletin -23 

By Harrg E. Murrw and Clarence L. Glllie 

Langley Memorial Aeronautical Laboratory 
Langley Field, Va. 

WASHINGTON 

NACA WARTIME REPORTS a r e  reprints of papersoriginally issued to provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre- 
viously held under a security status but a r e  now unclassified. Some of these reports were not tech- 
nically edited. Al l  have been reproduced without change in order to expedite general distribution. 



::MA RE No. L4923 

XATIONAL ADVISORY COPAMITTZ? FOR AZROYAUTICS 

AU AUTOXATICALLY VARIABLE CONTROL LINKAGE AXD ITS EFFTCT 

ON T€E LATERAL-CONTROL CHARACTERISTICS 

OF A HIGH-SPEED FIGHTER AIRPLANE 

By Harry E. Murray and Clarence L. G i l l i s  

An a n a l y s i s  and a prel iminary design were made f o r  
a c o n t r o l  LinPape that va r i e s  au tomat ica l ly  with d p a m i c  
pressure .  This device can provide p s a t e r  l a t e r a l  con- 
t r o l  than a f i x e d  con t ro l  l inkage a t  a11 bu t  one a i r speed  
without  a d d i t i o n a l  aerodpamic balanc9. The mechanical 
cons t ruc t ion  should n re sen t  no unusual problems and both  
the wglyht and vo1w.e of the devLce appear s u f f i c i e n t l y  
s m a l l  To r  use i n  s ing le - sea t  f f g h t e r  a i r p l a m s  as well 
a s  i n  l a r g e  machines. 

INTRODUCTION 

The mechanical advantage of  a i l s r o n  con t ro l  systems 
In f i g h t e r  a i r p l a n e s  has nacessa r i ly  bsen a compronise 
between the con t ro l  requframonts a t  high and a t  low speeds; 
the airplane has t h e m f o r e  had i t s  optimum c o n t r o l  charac- 
t e r i s t i c s  occurr ing i n  the middle speed range. I n  
c o n t r a s t  with such a corriprornisz , tha c r i t i c a l  control 
conditloiis  occur a t  m i n i n i u m  spe3d, when the a i rp l ane  S S  
c lose  t o  the ground and probably p o o r l y  trimmed, arid a t  
hfgh speed under f i g h t i n g  conditions.  
d e s i r a b l e  t h a t  the c o r i t r o l  c h a r a c t e r i s t i c s  o f  f i g h t e r  
a i r p l a n e s  be made more near ly  optimum throuFhout the  
spe5d range. 

It is consequently 

If the optimum con t ro l  a t  any speed i s  t o  be r e a l i z e d ,  
i t  i s  necessary t h a t  the mechanical advantage of  the con- 
t r o l  system be var iad  automatical ly  wi th  speed without 
pe rcep t ib l e  l a g  and inclepsndent o f  s t i c k  fo rce ,  s t i c k  
p o s i t i o n  , and normal  acce le ra t ion .  The ? re sen t  paner 
? r e s e n t s  an est imate  of' the l a t a r a l - c o n t r o l  c h a r a c t e r i s t i c s  
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o f  an a i r p l m e  equipped w*!a ~ rc v 
cnpable o f  such 8 v a r i a t i o n  in 'm i c a l  advantsze. 
A pre l l r l inarp  design foi-  the  device i s  included. 

l e  conti-ol  l inkage 

s l thcugh the rirasent a n a l y s i s  dea l s  only with 
lateral contFo1, soi?,8what s lmilar  problems e x i s t  i n  
l ong i tud ina l  and d i r e c t i o n a l  con t ro l ;  and t h e  var i ab l s  
control- I-inkage can probably be expected t o  render  a 
s i m i l a i .  improveniant when ap : i l i ed  to the e l e v a t o r  o r  
rudder . 
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P r o l l i n g  a q u l a r  ve loc i ty ,  rad ians  Der second 
( p l o t t e d  i n  degrees per second t o  conform with 
usua l  p r a c t i c s s )  

b span  o f  a i rp l ane  wing 

V 

- Pb 
2v 

forward ve loc i ty ,  f e e t  per second 

wing-tip h e l i x  angle o f  a i rp l ane  i n  roll, rad ians  

rolling-moment c o e f f i c i e n t  c Z  

z6  
C r a t e  o f  change o f  rolling-moment c o e f f i c i e n t  

with a i l e r o n  d e f l a c t i o n  

C r a t e  of  chznge of rollin.g-moment c o e f f i c i e n t  
w i th  - Pb zP 

2v 

ch hinge -moment c o e f f i c i e n t  

r a t e  o f  change of  hinge-moment c o e f f i c i e n t  
ch6 wi th  a i l e r o n  d e f l e c t i o n  

a i l e r o n  span 
- 

z l l e r o n  root-mean-square chord 'a 

P d e n s i t y  o f  a i r ,  coa-id-seconds2 per  f o o t  4 

kS 

AP 

sp r ing  constant  per c o i l  o f  h e l i c a l  sp r ing  

p res  sure d i f fe rence  ac ross  dynamic-pressure 

cons tan ts  used i n  determinatfon of sp r ing  

p i s t o n  

C h a r a c t e r i s t i c s  
C 1 , C z , C 3  

KO.-. K17 cons tan ts  used i n  determinat ion o f  l a t e r a l -  
con t ro l  c h a r a c t e r i s t i c s  

BASIC ASSTJMPTIONS AND CONDITiOT\:S FOR THE ANALYSIS 

The a n a l y s i s  o f  the e f f e c t  o f  the v a r i a b l e  c o n t r o l  

(1) 

l inkage  i s  made on the b a s i s  of the  following assumptions: 

The a i rp l ane  has a r i g i d  wing and c o n t r o l  system 
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( 2 )  The a i l e r o n . h i n g e - m o ~ s n t  c h a r a c t e r i s t i c s  are  
l i n e a r  w i t h  bo th  d e f l e c t i o n  and nngla  o f  
a t t a c k  

(3)  The a i l a r c n  a f f ec t ivenssc  i s  constant  

The f i r s t  assi-mptlon i s  s t r i c t l y  t r u e  only for low speeds,  
and th? eecDnc? and t h i r d  hold f o r  m a l l  a i l e r o n  de f l ec -  
t-ions; however', the accuracy i s  s u f i i c i s n t  t o  Five a 
p re l ix ina ry  p rad ic t ion  o f  the e f f e c t  o f  the  va r i ab le  
l i n k a g e  . 

The e f f e c t  o f  ths va r i ab le  l inkage on an a i rp l ane  
having tb-e geometric c h a r a c t e r i s t i c s  and performance of 
the P-51, whtch rJas chosen as a rep resen ta t ive  f i g h t e r  
a i r p l m e ,  w a s  stufiied.  Th? slope of the d p a n i c  liinse- 
moment ciirvo Ch6 and the r a t i o  - for the P-51 a i r -  

plane were es t imated t o  be tbe fo?-lcwing: 

cQj 

- cb = 0.0025 yadizn per  degree 

I?? c 

A11 coqn.3tatlons xere  made siibj3ct t o  +,he following 
geometrlc c h a r a c t e r i s t i c s  o f  ths P-E1 a i r p l s n e :  

Wing : 
i u e s ,  square f e e t  ............................. 225.75 
Span, fe:3t .................................... 27.03 
Foot chord, inches ............................ 1G3.99 
T i p  chord, inches ............................. 50.00 

k s p c t  r a t i o  .................................. 5..815 T'ap3r r a t i o  ................................... 0.45 

Aile r on : 
l ima ,  square f e e t  ............................... 6.70 
Span, f e a t  .................................... 6.95 
Chord, parcont wing cLord ..................... 13.7 
Deflect ion,  d e p e e s  ........................... e 5 

slid, ssrd sDan ............................... 0,9G5 
Dfstmce from center  l i n e  t o  outboard 

Diatance  fro^ CCntE? l i n e  t o  fnhoard 
e:id, s a d s p a n  ................................ 0.510 

Root-rlsaxi-square cnor2,  3quar.s f c o t  ........... 0.322, 
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St i ck :  
Travel,  inches a t  top ............................. 18 
Length, inches .................................... 23 
Tota l  de f l ec t ion ,  degrees ......................... 45 

EFFECT OF VARIABLZ LINKAGE ON LAT3RAL-CONTROL 

C K L ~ K A C T ? ~ R I S T I C S  OF A HIGH-SPEXD FIGHmR AIRPLiiXE 

In o rde r  t h a t  the contyol system of  an  a i r p l a n e  be 
a t  an optfmum mechanical advantage, the maximum allowable 
s t i c k  force  should always occur a t  the  inaximlm s t i c k  
d e f l e c t i o n .  I f  such a condition i s  t o  e x i s t  throlighout 
a range or" spszd and atmospheric d sml tg ,  t h a  mecharil.ca1 
advantage of the con t ro l  s y s t e m  must vary d i r e c t l y  a s  
the square roo t  of  the dynamic pressure .  

Equations f o r  determinatlon o f  1.ateral-contrDl charac- 
t e r i s t i c s  of an a i rp l ane  equipped wi.th a f i x e d  con t ro l  
l inkage and the optimum var iab le  c o n t r o l  l inkage have 
be2n der ived  by the  usua l  method and a r e  presented i n  
aln,oendfx A f o r  the conditions o f  no l i a i t a t i o n s  and the 
l i m i t a t i o n s  o f  maximum s t i c k  d e f l a c t i o n ,  s t i c k  f"orce, 
and ai le i%on de f l ac t ion .  Formulas f o r  the constants  
involved f n  these  equat ions &re a l s o  presented ,  The 
l a t e r a l - c o n t r o l  c h a r a c t e r i s t i c s  shown i n  f i g u r e s  1 and 2 
were obtained f rom these  equat ions.  

The es t imated  l a t e r a l - c o n t r o l  c h a r a c t e r i s t i c s  for 
a 50-pound s t f c k  force  a t  f u l l .  s t i c k  d e f l e c t i o n  o f  a 
high-speed f i g h t e r  equipped with a v a r i a b l e  l inkage a r e  
shown f n  f i p r e  1. For comparison, these c h a r a c t e r i s t i c s  
of the same a h p l a n e  equiFped with a fixed c o n t r o l  
l inkage such t h a t  the maximum r o l l i n g  angular  v e l o c i t y  
Occurs a t  about 0.0Vmax a r e  also given, Eecause the 
average maximum force  exerted by p i l o t s  appears  t o  be 
approximately 50 pounds, the e s t ima t ion  was made on t h i s  
b a s i s ;  however, a 50-pound s t i c k  force  i s  no t  developed 
on the p a r t  o f  the curvea where a i l e r o n  movement i s  
l i m i t e d  by rnaximum a i l e r o n  ds f l ec t ion .  From f i g u r e  1 
i t  can be saen t h a t  th8 r a r i a b l e  c o n t r o l  l inkage  provides 
more l a t e r a l  con t ro l  than  t h e  f i x e d  c o n t r o l  l inkage a t  
all b u t  on& s i r s p e e d  a t  any a l t i t u d e .  

The e f f e c t  o f  a v a r i a t i o n  o f  the  3 t i c k  force  exer ted  
by the p i l o t  r a t h e r  than of a l t i t u d e  i s  shown i n  f i g -  
ure 2 ,  which p resen t s  1a . t e r a l - con t ro l  c h a r a c f e r i s t i c s  



s i m i l a r  t o  those of f i g u r e  1. 
g rea t e r  than 50 pounes, ?%pure 2 shows b o t h  the r o l l i n g  
v e l o c i t y  and tke h e l i x  anple t o  be independent o f  s t i c k  
force  on the va r i ab le  con t ro l  l inkage.  S i a i l a r l y ,  the 
loads on the wing and a t l e r o n s  r e s u l t i n g  from a i l e r o n  
d e f l e c t i o n  a re  indspendsnt of s t i c k  f o r c e s  grea te r  than  
50 pounds a t  any speed. 

With a f i x e d  con t ro l  l inkage the wing and a i l e r o n s  
a r e  designed t o  s u s t a i n  some maximum load, which cor're- 
sponds t o  a c e r t a i n  constant  s t i c k  fo rce  and, a t  high 
speeci, t o  a s t i c k  d e f l e c t i o n  l o s s  than maximrrri. If 
%he a i l e r o n s  tend t o  ovarbalancs a t  high speeds o r  if 
the  s t r ang th  of t h o  p i l o t  i s  excess ive ,  d e f l e c t i o n s  and 
loads beyond desi,? values w i l l  occur with t h i s  system. 

Whsn the automat€cal ly  va r i ab le  l i n k a r e  is used, 
the maxLmm poss ib le  a i l e r o n  d e f l e c t i o n  decreases  wi th  
speed and i s  deter:,iined not by a s t o p  a t  the a i l e r o n  
but  by maximum s t i c k  de f l ec t lon .  This maximum s t i c k  
de f l ac t ion  then corresponds,  Tor  any speed, t o  a d e f i n i t e  
l oad  which cannot be exceeded regarqdless of the s t r e n g t h  
of ths  p i l o t  o r  any tendency of thv. a i l e r o n s  t o  over- 
balance.  

Whsn t h i s  s t i c k  force  i s  

PR.ZLIIXNARY DESIGN OF H DEVICE.: TO ACCOMPLISH 

A mechanism f o r  e l e c t r i c a l l y  varying the s t i c k  
mechanical advantage and a c o n t r o l  u n i t  f o r  r e l a t h e  
the  mechanical advantaGe t o  the dynamic pressure  according 
t o  the  c h a r a c t e r i s t i c s  o f  the sp r ing  l a c a t a d  I n  back of 
the dynamic-pressure p i s t o 2  are shown schsmat ica l ly  i n  
f igure  3 .  This c o n t r o l  u n i t  suDplies power to  8 
r eve r s ib l e  d i r e c t - c u r r e n t  motor through the breaker  
ooin ts  which a re  moved by meens o f  a f l e x i b l e  cable ,  
a distance p ropor t iona l  t o  the l i n e a r  displacement of 
the va r i ab l s  l i n k .  Such an e l e c t r i c a l  system ( f i g .  3) 
f o r  vapying the  con t ro l  l inkage has no extremely 
d e l i c e t e  o r  complicated p a r t s  and should opera te  q u i t e  
r e l i a b l y  without  pe rcep t ib l e  l a g ,  as does a s i m i l a r  but  
more complicated mechanism f o r  varying the p i t c h  of 
cons tant-speed p rope l l e r s .  

i t s  axis p a r a l l e l  t o  the l a t e r a l  axis o f  t h e  a i rp l ane  i n  
The pressure c e l l  shown i n  f i g u r e  3 w a s  mounted w i t h  
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order  t h a t  the  e f f e c t  of i n e r t i a  f a r c e s  r e s u l t i n g  from 
normal and longitudinal acce la ra t ions  might be el iminated.  
It is conceivable t h a t  such a device might hunt, i n  which 
cage a brake could e a s i l y  be i n s t a l l e d  a s  i nd ica t ed  i n  
f igu re  3. 

I .  

$ 

If t h i s  mechanism i s  t o  'produce a v a r i a t i o n  i n  
mechanical advanta5.e C i rec t ly  propor t iona l  t o  the square 
r o o t  of  the dynaniic pressure,  the  l ang th  of the l e v e r  
arm L (Tig.  4 )  of the a i l e r o n  push-rod l i n k  m m t  vary 
i n v e r s e l y  as tho square root  of the  d p a m i c  pressure .  
The dynamic-pressure p i s t o n  must thus move according t o  
the following r e l a t i o n ,  which i s  developed i n  appendix B: 

I n  o rde r  that such a force-def lec t ion  r e l a t i o n  s h a l l  
e x i s t  w i t h  the  c o n s t a n t - d i a ~ e t e r - c o i l  sp r ing  shown i n  
f i g u r e  3 ,  the  nunber cf c o i l s  i n  the sp r ing  must vary 
w i t h  d e f l e c t i o n  a s  f o l l o w s :  

Cg - Fo(CZ - X I 2  

If the r e l a t i o n s  shown i n  f i p u r e  4 between the 
cons tan ts  m d  va r i ab los  involved In the l i n k  system are 
used, the cons tan ts  o f  equntidns (1) and ( 2 )  can be 
evaluated,  as Gxplainad i n  apjxrndix B. Phys ica l ly ,  
such a vai- ia t ion i n  the nimber o f  e f f e c t i v e  c o i l s  of 
a sp r ing  can be achieved with G cons tmt-d iamater  
h a l i c a l  sDring by vap ia t ion  o f  the he1I.x p.nrle along 
tha 3.ensth i n  o rde r  t h a t  t h e  coils of the  sp r ing  w i l l  
gradva l ly  fall aga ins t  each o t h e r  as the  spr ing  i s  
compressed; tha e f f e c t i v e  number of c o i l s  a r e  thereby  
decressed according t o  the r e l a t i o n  given. Typical  
curves o f  the f o r c e  and the shor ten ing  cha?acterais t ics  
o f  the s2 r ing  f u l f i l l i n g  these r e l a t i o m  a r e  shown in 
f i g m e  5. Although only t h s  constant-diaineter h s l i c a l  
sp r ing  was considersd i n  th i s  ar:algsis, the same 
c h a r a c t e r i s t i c s  can be obta inad  f r o m  any one of s eve ra l  
o t h e r  sprfngs. 

Eo s p e c i a l  power supply l s  requi red  by e i t h e r  t h e  
moto r  o r  the  con t ro l  u n i t ;  h3we,  i t  has been e s t imz ted  
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t h a t  the e n t i r e  device can be i n s t a l l e d  In a high-sneed 
f i g h t e r  f o r  an a d d i t i o n a l  weight of  about l c )  pounds. 
If,  however, the power supply f a i l e d  o r  the mechanism 
became damaged by gunf i re ,  the p i l o t  n i g h t  conceivably 
be l e f t  i n  the hlgh mechanical-advan.tage range without 
s u f f i c i e n t  a i l e r o n  d e f l e c t i o n  t o  xalce 8 sa fe  landing.  
A manual method of opera t ion  may the re fo re  5e requi red  
i n  case o f  an emergency. 

the var iable  l inkage w i l l  r e s u l t  i n  an a d d i t i m a l  
wing t o r s i o n a l  load which inc reases  w i t h  speedl. 
a t  speeds near  terminal  ve loc i ty ,  the a d d i t i o n a l  
loads  becorrie 1:ndesiraSly l a rge  they can be reduced 
by reducing the s t i f f n s s s  f a c t o r s  o f  t'ne dyrramic- 
pressure sp r ing  and, consequently,  t l e  a v a i l a b l e  
a i l e r o n  d e f l e c t i o n s  corresponding t o  these speeds.  

The a d d i t i o n a l  l a t e r a l  c o n t r o l  made ava i l ab le  by 

If, 

Seczuse of the  imnrovement i n  l a t e r a l  c o n t r o l  
indicated by tPe a n a l y s i s  and o f  Lhe s i m p l i c i t y  of the 
reqv.ired rnechanis.11, i t  i s  suggested t h a t  the auto- 
ma t i ca l ly  var iab le  con t ro l  l i r k a g e  be t e s t e d  i n  f l i g h t .  

CONCLCSTCNS 

From an a n a l y t i c a l  i n v e s t i g a t i o n  of' the e f f e c t s  
of a var iab le  coi i t rc j l  lFr,ka&;e err the l a t e r a l - c o n t r o l  
c h z r a c t e r f s t i c s  of  a f i g h t e r  a i rp l ane  and from a 
prel iminary dcsign of thi.s device,  the fol lowing 
conclusions ape ind ica ted :  

1. The au tomat ica l ly  var iab le  c o n t r o l  l inkage 
can provide more l a t e r a l -  c o n t r o l  than a f ixed  l inkage 
a t  a l l  bu t  one a i r speed  without s d d i t i o n a l  aerodynamic 
balance . 

2. When tbe ax tomat ica l ly  variLble c o n t r o l  l i ckage  
i s  used ,  the des ign  loads can be made t o  o c m r  a t  maximum 
s t i c k  d e f l e c t i o n ,  which corresponds t o  a constant  s t i c k  
force v t t h i n  the l i m i t  of the p i l o t ' s  s t r eng th .  Fur ther  
a l l e r o n  d e f l e c t i o n  w i t h  a corresponding omr loed ing  o f  
t h s  s t r u c t u r e  cannot therefore  r e s u l t  from excesslve 
g i l o t  s t renqt l .  o r  a tendency of  the a i l e r o n s  t o  over- 
balance a t  high sDeeds. 
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3.  A manual rnethod of operatiorr may Se required i n  
the 1i .nk-variation nechanism i n  case o f  a power f a i l u r e  
o r  mechanical d i f f i c u l t i e s .  

4. The 8evice has  no extremely d e l i c a t e  o r  com- 
p l i c a t e d  p a r t s ,  should opera te  without pe rcep t ib l e  l ag ,  
and probably can be i n s t a l l e d  i n  a high-speed f i g h t e r  
a i r p l a n e  f o r  an a d d i t i o n a l  weight of about 1 0  pounds. 

SUGGESTION FOR FUTTJXE RESEARCH 

Inasmuch as the conclusions i n d i c a t e  t h a t  & f i n i t e  
improvements i n  l a t e r a l  cont ro l  may be expected from the 
use of a var iab le  c o n t r o l  l inkage, i t  i s  recommended 
t h a t  such a unit be constructed,  i n s t a l l e d  i n  an air- 
plane,  and t e s t e d  in f l i g h t .  

Langley Memori a1  Aeronout i c a l  Laboratory,  
National Advisory Committee for AeronautJcs,  

Langley F ie ld ,  V a . ,  
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APPZYDIX A 

LA"E3AL-C ONTROL CI-IARRC TERISTICS 

The bas i c  formulas for computing the l a t e r a l - c o n t r o l  
c h a r a c t e r i s t i c s  may be conv3niently t abu la t ed  as f o l l o e s  : 

Latera l -  I 

charac te r -  l i m i t a t i o n s  
le, = e 

'may. 
cont ro l  I ?To 

i s  t i c s  t -_.- 

Fixed c o n t r o l  l inkage;  6/9, = Kg 
I ---.. 

PK15V 2 
2 

K I G  

- .  
the  following r e l a t i o &  : 

constant  depending unon a f l e r o n - s t i c k  l inkage 

2 
= g"1 

"13 

"1 5 

'17 
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DET’3R~~IlNliTIOK OF CONSTANTS FOR SPRPTG E”,UATIONS 

From f igu re  4 1.t can be seen t h a t  

L = Lo - &1X 
If the mechanical advantage i s  t o  vary d i r e c t l y  a s  the 
square r o o t  o f  t he  dynamic pressure,  however, the 
f o l l o w i n g  condi t ion  must be t rue : 

and, therefore ,  

F = qA 

where 
LO 

c2 = 5 
2 

c3 - - (2) A 
For a h e l i c a l  spr ing 

F =(?)X + F, 
where 

d4 J 
8D3 
- ks = 

From these condi t ions 

or 
kSX(C, - X ) 2  

2 I =  
Cg - F,(CZ - X)  
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Figure 5 showc a t y p i c a l  curve o f  I p l o t t e d  
against X and. a coriwspondfng curve of F p l o t t e d  
aga ins t  X f o r  the fol lowing nuae r i ca l  va lues  of the  
cons tan ts  : 

c2 = 4 

c g  = 4 

Figure  5 r ep resen t s  no p a r t i c u l a r  setup,  however, and 
i s  given on ly  as an e x m p l e ,  bacause C 2 ,  Cg, and k, 
w i l l  depend upon the  dimensions of ths 2evice desfgned 
and the p r o p e r t i e s  of the spr ing .  
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Figure 1.-Lateral -control characteristic3 of a high- speed 
fighter airplane havinq fixed and variable linkaqes at 
three altitudes wi th  a maximum stick force of 50poundS. 
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True ailspeed, mph 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

Figure 2 .  - L atera/ - control character; st  ics of a hiqh-speed 
fiqhter airplane having f ixed and variable I inkqes  sea 
lwei wi th  three stick forces. Maximum stick deflection 
occurs with the  variable IinKaqe when F,=50 pounds. 
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NACA R B  No. L4E23 Fig., 5 


